Abstract. Following treatment with bleomycin-and cisplatincontaining chemotherapy, testicular cancer patients frequently develop vascular complications, which may result from damage to endothelial cells. Understanding bleomycin-and cisplatininduced endothelial alterations may help to develop strategies to prevent or reduce vascular toxicity. The effects of bleomycin and cisplatin on proliferation and apoptosis of the human dermal microvascular endothelial cell line HMEC-1 were determined. In addition, modulation of drug-induced cytotoxicity by the free radical scavenger amifostine, the low molecular weight heparin dalteparin, the iron-chelator dexrazoxane, the HMG-CoA reductase inhibitor rosuvastatin and the PPAR agonist troglitazone was tested. Furthermore, the effects of bleomycin and cisplatin on endothelial activation measured by the expression of the intercellular adhesion molecule-1 (ICAM-1) and on two main proteins involved in fibrinolysis, tissue-type plasminogen activator (tPA) and plasminogen activator inhibitor type 1 (PAI-1), were measured. Decreased endothelial cell survival induced by bleomycin and cisplatin coincided with the induction of apoptosis. Only troglitazone was able to protect the endothelial cells from both bleomycin-and cisplatin-induced cytotoxicity. At high concentrations, amifostine and dexrazoxane also protected HMEC-1 from drug-induced cytotoxicity. However, due to the required high (toxic) concentrations of both modulators no absolute cell survival benefit could be achieved. Both bleomycin and cisplatin induced up-regulation of ICAM-1, tPA and PAI-1. Summarizing, bleomycin and cisplatin induce alterations in the function of endothelial cells regarding proliferation, inflammation and fibrinolysis in vitro. Strategies aimed at these functions should be developed in order to ameliorate or prevent cytostatic agent-induced vascular damage.
Introduction
Testicular germ cell tumors are the most common malignancy in men between 20 and 40 years of age. Standard chemotherapy for disseminated testicular cancer includes bleomycin and cisplatin. Both drugs have proven to be important for treatment efficacy resulting in a cure rate >80% (1) .
An important drawback of the use of bleomycin and cisplatin is the association with vascular toxicity both during treatment and several years thereafter. Raynaud's phenomenon develops in up to 37% of germ cell cancer patients during treatment with bleomycin-containing chemotherapy (2, 3) . Thromboembolic events may occur shortly after the administration of cisplatin (4) . In addition, long-term survivors of testicular cancer frequently develop risk factors for cardiovascular disease (5, 6) . After a median of seven years post chemotherapy, long-term survivors of testicular cancer were found to have micro-albuminuria, inflammation, and a imbalance in the plasma levels of the fibrinolytic proteins tissue-type plasminogen activator (tPA) and plasminogen activator inhibitor type 1 (PAI-1) (7), which indicate endothelial dysfunction. Moreover, an increased risk for cardiovascular events has been reported in patients >10 years after treatment (8) (9) (10) .
So far, research has focused on the mechanisms of antitumor activity of bleomycin and cisplatin (11, 12) . However, little is known about the mechanisms behind their effects on endothelial cells and blood vessels. Bleomycin and cisplatin may directly damage endothelial cells or indirectly influence endothelial cell functions e.g. inflammation and fibrinolysis (13) (14) (15) (16) . Knowledge of these alterations may contribute to our understanding how these cytostatic agents cause vascular complications. Furthermore, it may enable the development of drugs that can modulate these alterations with the ultimate goal to reduce vascular damage and prevent cardiovascular events.
Primary prevention of bleomycin-and cisplatin-induced endothelial alterations may also be attempted. Several drugs are of interest because of their proven activity in clinical studies or because of their promising mode of action. Amifostine protects from chemotherapy-induced damage through its ability to scavenge free radicals (17) . Amifostine has been approved for the prevention of cisplatin-induced nephrotoxicity in patients with non-small cell lung cancer and advanced ovarian cancer (18) , but may also be able to reduce chemotherapyinduced vascular toxicity. Iron has been described to be involved in free radical mediated damage of both bleomycin and cisplatin (19, 20) . The hydrolysis product of the prodrug dexrazoxane acts as an iron chelator and may protect cells from chemotherapy-induced damage (21) . At present, dexrazoxane is only recommended as a protectant against cardiotoxicity in patients who have already received >300 mg/m 2 of doxorubicin (18) . Low molecular weight heparins are of interest because of their improved bio-availability and prolonged anti-thrombotic activity over un-fractionated heparin (22) . Statins (HMG-CoA reductase inhibitors) show pleiotropic vasculoprotective properties beyond cholesterol lowering (23, 24) . Thiazolidinediones, a group of peroxisome proliferator-activated receptor (PPAR) agonists such as troglitazone and rosiglitazone, are used clinically to improve insulin sensitivity, but have also been described to have vasculature protecting properties (25) .
In the present study, the human dermal micro-vascular endothelial cell line HMEC-1 was used as an in vitro model to investigate the effects of bleomycin and cisplatin on the proliferation, apoptosis and activation of endothelial cells and to test modulation of these effects by several candidate drugs.
Materials and methods
Chemicals. MCDB-131 medium, L-glutamine, hydrocortisone, and epidermal growth factor (EGF) were obtained from Invitrogen (Merelbeke, Belgium). Fetal calf serum (FCS) was purchased from Bodinco (Alkmaar, The Netherlands) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyl-tetrazoliumbromide), trypsin, acridine orange and troglitazone from Sigma-Aldrich (Amsterdam, The Netherlands). Dimethyl sulfoxide (DMSO) was obtained from Merck (Darmstadt, Germany). Bleomycin and cisplatin were obtained from Pharmachemie (Haarlem, The Netherlands), amifostine and WR-1065 from Shering Plough (Maarssen, The Netherlands), dalteparin (Fragmin ® ) from Pharmacia (Woerden, The Netherlands) and dexrazoxane from Chiron (Amsterdam, The Netherlands). Rosuvastatin was a kind gift from Astra Zeneca (Zoetermeer, The Netherlands). The monoclonal ICAM-1/CD54 antibody (B-H17 clone) and the isotype-matched control IgG1 antibody (MCG1 clone) were obtained from IQ Products (Groningen, The Netherlands). TintElize t-PA and TintElize PAI-1 kits were purchased from Kordia (Leiden, The Netherlands). Tumor necrosis factor-· (TNF-·) was obtained from Boehringer Ingelheim (Ingelheim, Germany).
Cell line. The immortalized human dermal micro-vascular endothelial cell line HMEC-1 was a kind gift of Dr F.J. Candall from the Centers for Disease Control and Prevention (Atlanta, GA, USA). HMEC-1 was described to retain its morphologic and functional endothelial cell characteristics during several passages (26) . HMEC-1 was grown as a monolayer in MCDB-131 medium supplemented with 10% FCS, 10 mM L-glutamine, 1 μg/ml hydrocortisone and 10 ng/ ml human EGF. Cells were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 . Experiments were performed between passages 15-30.
Cytotoxicity. The sensitivity of HMEC-1 to bleomycin and cisplatin was tested using the micro-culture tetrazolium assay (MTT assay) (27) . Before starting the experiments, the linear relationship of cell number to formazan crystal formation and the exponential growth of cells in 96-wells micro-culture plates were tested. For the experiments, cells were seeded at 10,000 cells per well. After attachment, the cells were incubated with various concentrations of bleomycin or cisplatin in a total volume of 200 μl culture medium. After 96-h incubation, 20 μl MTT solution (5 mg/ml) was added to each well for 225 min; then the plates were centrifuged, the supernatant was aspirated, and the formed formazan crystals were dissolved in 200 μl DMSO, after which the extinction was read at 520 nm using a Benchmark Microplate Reader (Bio-Rad, Veenendaal, The Netherlands). The percentage of cell survival was calculated by dividing the mean of the test sample by the mean of the untreated samples. Controls consisted of media without cells (background extinction) and cells incubated with medium without drugs (growth control). When the growth of cells under control conditions in the experiments was <50% of the expected growth, the results of the MTT assays were considered invalid. At least three independent valid experiments were performed.
Modulation of cytotoxicity. The MTT assay was also used to test protective effects of amifostine, dalteparin, dexrazoxane, rosuvastatin and troglitazone on bleomycin-and cisplatininduced cytotoxicity. Since HMEC-1 was not previously characterized with respect to its ability to convert amifostine to WR-1065, both the pro-drug and its active metabolite were used in separate experiments. Cells were seeded in 96-wells micro-culture plates. After attachment, the cells were preincubated with various concentrations of the modulators for 30 min. Then, the cells were incubated with various concentrations of bleomycin or cisplatin in the presence of the modulators for 96 h. After incubation, the MTT assay was performed as described above. At least three individual experiments were performed. Protection from bleomycin-and cisplatin-induced cytotoxicity was assessed using a modified calculation of the so-called enhancement ratio (ER) (28) . The ER was calculated by dividing the percentage of endothelial cell survival after exposure to the cytostatic agent combined with the modulator, after correction for the modulator-induced cytotoxicity, by the percentage of endothelial cell survival after exposure to the cytostatic agent alone. An ER >1.20 was considered to indicate protection.
Apoptosis. Staining with acridine orange was used to distinguish apoptotic cells from vital cells (29) . In the apoptosis experiments, 25,000 cells per well were incubated with 0.3 or 1.5 μg/ml bleomycin [concentration inhibiting cell survival by 50% (IC 50 ) and 5xIC 50 , respectively] and 2.6 or 12.9 μM cisplatin (IC 50 and 5xIC 50 , respectively) in 96-well microculture plates in a total volume of 200 μl. Untreated cells served as control. After 24, 48 and 72 h of incubation at 37˚C, acridine orange was added to a final concentration of 5 μg/ml and cells were incubated at 37˚C for a further 10 min. Thereafter, 125 μl of the supernatant was carefully removed before proceeding with cell counting using a fluorescent microscope (Olympus IM, Japan) at 535 nm. The percentage of apoptotic cells was calculated by dividing the amount of apoptotic cells by the total amount of cells. Three independent experiments were performed.
ICAM-1 expression determined by direct immunofluorescence and flow cytometry.
Cultures of HMEC-1 were left untreated or were exposed to 0.3 or 1.5 μg/ml bleomycin and 2.6 or 12.9 μM cisplatin for 24, 48 and 72 h. Exposure of cells to 100 ng/ml TNF-· was used as a positive control for ICAM-1 expression. After incubation, medium was removed and cells were harvested using trypsin. Then, cells were incubated with either a monoclonal antibody to ICAM-1 or an isotype-matched irrelevant control IgG1 antibody, which were both conjugated with fluorescein isothiocyanate (FITC), after which ICAM-1 expression was analyzed using a fluorescence activated cell sorter (FACS). Ten thousand cells were counted. Results were expressed as mean fluorescence intensity (MFI) of the treated cells divided by the MFI of the untreated cells. At least three individual experiments were performed.
tPA and PAI-1 antigens determined by enzyme-linked immunosorbent assay (ELISA).
Cultures of HMEC-1 were incubated with 0.3 or 1.5 μg/ml bleomycin and 2.6 or 12.9 μM cisplatin for 24, 48 and 72 h. After incubation, the supernatant was removed, centrifuged at 900 rpm and 0˚C for 10 min to remove potentially remaining cells and stored at -20˚C until analysis. The remaining monolayers of cells were harvested using trypsin and the total amount of cellular protein of the cell lysate was determined according to the method by Bradford (30) . tPA and PAI-1 antigens were measured in the supernatant using commercially available ELISA kits according to the manufacturer's instructions. Both ELISAs measure free and complexed antigens. Antigen levels of tPA and PAI-1 in the supernatant were corrected for the total protein concentration of the cell lysate. At least three individual experiments were performed.
Modulation of tPA and PAI-1 antigens by the PPAR agonist troglitazone. Cultures of HMEC-1 were pre-incubated with 50 μM of the PPAR agonist troglitazone for 30 min followed by incubation with 1.5 μg/ml bleomycin or 12.9 μM cisplatin [concentrations of drugs inhibiting cell survival by ~90% (IC 90 )] for 24, 48 and 72 h. After incubation, the procedure of isolation and determination of tPA and PAI-1 antigens and cellular protein was as described above. Three individual experiments were performed.
Statistics.
A paired t-test was used to test differences in apoptosis induction, ICAM-1 expression and PAI-1 and tPA antigen concentrations between untreated cells and cells exposed to bleomycin or cisplatin. All tests were double sided. A P-value <0.05 was considered to indicate significance.
Results

Cytotoxicity.
Apoptosis. Fig. 1 shows bleomycin-and cisplatin-induced apoptosis in HMEC-1 after 24, 48 and 72 h incubation. The percentages of apoptotic cells increased with incubation time for all tested concentrations of cytostatic agents. Table I summarizes modulation of cytotoxicity by troglitazone, amifostine and dexrazoxane expressed as ERs. Already at a non-toxic concentration, troglitazone was able to protect the endothelial cells from both bleomycin-and cisplatin-induced cytotoxicity. Absolute protection up to 20% against both bleomycin-and cisplatininduced cytotoxicity was observed over the range of 20-90% cell kill of both drugs (Fig. 2) . At high concentrations only, amifostine [or its active metabolite WR-1065 (data not shown)] and dexrazoxane also protected HMEC-1 from bleomycin-induced cytotoxicity. However, due to the required high (toxic) concentrations of the modulators no absolute cell survival benefit could be reached. Neither amifostine [or its active metabolite WR-1065 (data not shown)] nor dexrazoxane protected HMEC-1 from cisplatin-induced cytotoxicity (ER <1.20; Table I ). No effect of dalteparin or rosuvastatin on bleomycin-or cisplatin-induced cytotoxicity was observed [a wide range of concentrations, from non-toxic to toxic, was tested (data not shown)]. Fig. 3 shows the ICAM-1 expression after exposure of HMEC-1 to bleomycin and cisplatin for 24, 48 and 72 h. ICAM-1 expression was significantly up-regulated after exposure of cells to 1.5 μg/ml bleomycin and 12.9 μM cisplatin and also at the lower IC 50 
Modulation of cytotoxicity.
ICAM-1 expression.
Modulation of tPA and PAI-1 antigens by the PPAR agonist troglitazone.
Neither the constitutive expression nor the bleomycin-or cisplatin-induced expression of tPA and PAI-1 levels were affected by pretreatment of HMEC-1 with troglitazone (data not shown).
Discussion
The vast majority of patients with disseminated testicular cancer can be cured with bleomycin-and cisplatin-containing chemotherapy. Following this treatment, testicular cancer patients frequently develop vascular complications, which may result from direct or indirect damage to endothelial cells. Table I . Modulation of drug-induced cytotoxicity. 25 μM  50 μM  10 μM  25 μM  5 μM  10 
-----------------------------------------------------------------------------------------------------Troglitazone Amifostine Dexrazoxane --------------------------------------------------------------
μM -----------------------------------------------------------------------------------------------------Modulator-induced cytotoxicity
None 5-10% None 10-15% 10% 30%  ---------------------------------------------------------------------------------------------------- 
-----------------------------------------------------------------------------------------------------
a ER (mean ± SD, n ≥3). ERs >1.20 (bold) were considered to indicate protection. We investigated the effects of bleomycin and cisplatin on proliferation, apoptosis, inflammation and fibrinolysis of human endothelial cells in vitro. Both drugs reduced endothelial cell survival, which coincided with the induction of apoptosis. The IC 50 values for both bleomycin and cisplatin in our study fall within the range of plasma concentrations measured in patients after intravenous bolus administration of bleomycine (31) or after administration of 20 mg/m 2 cisplatin (32). These results indicate that concentrations of bleomycin and cisplatin reached in patients are sufficient to inflict damage to endothelial cells. Prevention of bleomycin-and cisplatin-induced cytotoxicity was tested by modulation of drug-induced cytotoxicity by various candidate drugs. Only the PPAR agonist troglitazone was able to truly protect the endothelial cells from both bleomycin-and cisplatin-induced cytotoxicity. Troglitazone belongs to the thiazolidinediones, a novel class of drugs for the treatment of patients with diabetes mellitus type 2. The family of thiazolidinediones exerts its effects by specifically binding to PPAR-Á. Like other transcription factors, PPARs regulate the expression of numerous genes (25) . Consequently, thiazolidinediones have both PPAR-dependent and -independent mechanisms of action. Troglitazone has been described among others to inhibit endothelial cell proliferation (33) and fibrinolysis proteins (34) and to possess anti-inflammatory properties (35) . The PPAR agonist rosiglitazone has been described to ameliorate cisplatin-induced renal injury in mice (36) . Although thiazolidinediones seem to be promising drugs with vasculature protecting properties, care should be taken because of continued uncertainty about safety (37) .
Amifostine and dexrazoxane were also able to protect endothelial cells from bleomycin-and cisplatin-induced cytotoxicity in vitro, but only at high concentrations. Since amifostine and dexrazoxane were cytotoxic to HMEC-1 at these concentrations, no or only small increases in absolute cell survival were observed. Interestingly, exposure of HMEC-1 to WR-1065, the active metabolite of amifostine, was previously shown to induce nuclear transcription factor-κB, which regulates the expression of other genes with potentially beneficial effects on endothelial function (38) . Therefore, when used in non-cytotoxic concentrations, amifostine may still be of value for the protection of endothelial cells against cytostatic agent-induced damage through its ability to influence gene expression patterns. Although the pleiotropic actions of statins may have potential clinical impact in vascular disease no direct protecting effect of rosuvastatin could be observed on bleomycin-or cisplatin-induced cytotoxicity. Likewise, dalteparin was not able to protect endothelial cells from bleomycin-or cisplatin-induced cytotoxicity in our model. One has to keep in mind that only protection from druginduced cytotoxicity was tested. Therefore, an indirect beneficial effect on endothelial cell function such as inflammation status or fibrinolysis cannot be excluded.
Inflammation is believed to play a role in the early stages of atherosclerosis (39) . Activated endothelial cells express intercellular adhesion molecules, such as ICAM-1, which are involved in leukocyte-endothelial cell interactions and the inflammatory response of the vascular wall. In clinical studies, levels of soluble adhesion molecules, including soluble ICAM-1, correlate with various risk factors for cardiovascular disease and predict the development of coronary events (40) . In the present study, we found increased expression of ICAM-1 on the surface of endothelial cells in vitro after exposure to bleomycin and cisplatin. Up-regulation of ICAM-1 was also demonstrated in a rat model of bleomycininduced pulmonary fibrosis (41) and in primary human pulmonary micro-vascular endothelial cells (HMVEC-L) after exposure to bleomycine (42) . Cisplatin up-regulated ICAM-1 in human umbilical vein endothelial cells (HUVECs) (43) and in a rat model of cisplatin-induced nephrotoxicity renal ICAM-1 mRNA levels were increased after exposure to this drug, while monoclonal anti-ICAM antibodies protected from renal dysfunction following cisplatin administration (44) . We previously reported increased levels of the inflammation markers fibrinogen and high-sensitivity C-reactive protein in testicular cancer patients a median of seven years after cisplatin-based chemotherapy (7) . No data were available on ICAM-1 levels in these patients. Our finding that ICAM-1 is up-regulated on micro-vascular endothelial cells upon exposure to bleomycin and cisplatin supports the hypothesis that these drugs initiate or promote inflammation and the development of atherosclerosis in testicular cancer patients. We previously reported increased concentrations of PAI-1 and tPA in long-term survivors of testicular cancer following bleomycin-and cisplatin-containing chemotherapy (7) . Since the increase in PAI-1 was stronger than the increase in tPA, we assumed that fibrinolytic potency was impaired in these patients. In the present study, we found that tPA and PAI-1 antigens are not only constitutively expressed by HMEC-1, but can be up-regulated by bleomycin and cisplatin. It is difficult to ascertain whether the net impact of the changes in tPA and PAI-1 in this in vitro model would impair or favor fibrinolysis. Moreover, we did not investigate the combined effects of bleomycin and cisplatin on tPA and PAI-1 levels in HMEC-1, while testicular cancer patients are treated with both agents.
Interestingly, PAI-1 is under control of the PPAR group of transcription factors. The PPAR agonist troglitazone has been described to reduce constitutively expressed or TNF-· induced PAI levels in HUVEC (34, 45) . Although, troglitazone was able to protect HMEC-1 from both bleomycin-and cisplatin-induced cytotoxicity in our study, no significant effect of troglitazone was observed on constitutively expressed or bleomycin-and cisplatin-induced levels of tPA and PAI-1. Nevertheless, our results show that bleomycin and cisplatin affect the regulation of the balance between pro-and antifibrinolytic proteins by the endothelium, which may contribute to an atherothrombotic state in testicular cancer patients following chemotherapy.
Summarizing, we found decreased cell survival, induction of apoptosis, increased ICAM-1 expression and increased amounts of tPA and PAI-1 in HMEC-1 after exposure to bleomycin and cisplatin in a concentration range that is also be achieved in plasma of testicular cancer patients treated with standard chemotherapy. These endothelial alterations may promote inflammation and atherothrombosis and contribute to cytostatic agent-induced vascular toxicity, a complication which frequently develops in testicular cancer patients following bleomycin-and cisplatin-containing chemotherapy. Except for the PPAR agonist troglitazone, none of the tested drugs was able to modulate the effects of bleomycin and cisplatin on endothelial cells. While this study shows upregulation of a number of selected proteins, the effects of bleomycin and cisplatin on the expression of a wider range of genes and proteins by the endothelium should be investigated in future studies, e.g. by using micro-array. With the increase in numbers of successfully treated cancer patients cured with cytostatic regimens containing bleomycin and/or cisplatin, strategies such as these should be persued to find ways to prevent or reduce treatment-induced cardiovascular damage.
